
_ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _  -

One of the more exciting possibilities to develop out of

the present work is residual oxygen decoration by damage defects .

Circumstantial evidence suggests that oxygen detection in Si can

be pushed at least three orders of magnitude below present detection

limits. If the preliminary results can be substantiated by EPR

and optical measurements , considerable progress in Si purification

can be made as a result of this technique .

A sound experimental approach has been developed for deter-

m ining the amount of boron in the samples prior to irradiation ,

which is available to those IR detector manufacturers who perform

their own Ga or In doping. We feel that this can be done success-

fully with high accuracy only before the optically active impuri ty

is added to the ingot. Although other techniques are availab le

to determine boron concentration after the addition of Ga or In ,

none rival in accuracy the technique of multizone passes and four-

po int probing prior to optical activation by Ga or In dop ing.

We have also been able to est ablish , bo th theore ti ca l ly and

experimen tally, the resistivity uniformity to be expected as a

function of dis tance across the wafer for variou s comp ensati on

ratios. This is , perhaps , the most important sing le resul t of

the present work since results clearly show that compensation by

nuclear transmutation offers a significan t and considerab le

improvement over conventionally compensated material in the

compens ation range useful for IR detectors.

We have also been able to relate the final resist iv ity

fluctuatuions observed for various compensation ratios to the
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initial boron fluctuations in starting material in a quantative

way. It is, therefore, possible for the first time to place

criteria on the boron fluctuations as determined by the desired

final wafer uniformity and compensation ratio. The theoretical and

experimental results we have obtained indicate that nuclear trans-

mutation compensation will be a necessary technique for uniformity

criteria now envisioned for Si IR detector array integration.

A. Materials Evaluation Before Irradiation

All the material investigated has been multizone re-

fined float zone silicon with resistivities from 2500 ~7- cm

up to 25000 a-cm. The material is p-type and not inten-

tionally doped. The dominant acceptor is undoubtedly boron.

All of the material is nominally dislocation free and pulled

in a ~lll] direction except the Rockwell material which is

dislocated and pulled in a ClOO l direction. Some preliminary

electrical data on a Wacker ’s tlOO ) pulled Ga doped sample

have been taken. Neutron reflection rocking curves show

reflect.iuit line widthz of about 1 sec nf arc for the dis-

location free material and about 1 mm of arc for the dis-

located material. Material investigated has come from Dr.

Arst , Rockwell; Topsil , Wackers , Monsanto , Hughes, and a Texas

Instruments Lopex sample supplied by Dr. Spry of AFML . We have

added an in-house number to each ingot or wafer (MURR #) and

have cross—referenced these numbers with whatever sample des—

ignations have been assigned to the samples by the suppliers .

Much effort has been expended in trying to purchase

float zone silicon which is doped with either In or Ga.
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Approxima tely thir ty manufac turers of silicon were con tac ted

by phone and reques ts for bids sent out to ten, however , no

bids were received for this type of material. We have , how-

ever , received free , doped s amples from a number of sources

and greatfully acknowledge their help. We have received

Czochralski grown Si:Ga doped to a variety of levels in the

range of 1016 to 1018 cm 3 from Drs . M. Bressler and C. M.

Parry, Aerojet ElectroSystems Co. We have also received a

supply of Wacker’s Ga doped vacuum float zone material

from Dr. M. Schlacter, Aeronutronic Ford. Dr. Arst of

Rockwell has also supplied us with Ga doped float zone.

Table 6 summarizes s ample charac teriza t ion before irrad-

iation. As discussed in a previous section , four-poin t

resistivity measurements have been compared with Van der Pauw

resis tivity measuremen ts for calibration purposes. Mob ili ty

measurements have been taken fr om one slice of each ingot

and the values are very near average values given in Table  3.

No te, however , that the mobili ty in the Wacker ’s sample is

some 13% too low. This is probably due to the effec t of

mixed conduc t ion in this very high resistivity sample.

Figure 22 shows the axial resistivity and minority

carrier lifetime of ingot VZ-072 after cutting it into slices

of approximately 1” thickness. Figures 23 through 28 show

the radial uniformity of these samples as obtained from

four-poin t measurements. Figure 29 shows the un i formity of
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TABLE 6. Summary of Undoped Sample Characterization Before Irradiation.

p( 14 pt) p (V .d .P . )  Type t
MURR # Source (~ —cni ) (~2—cm) (cm Z /V~sec) T.P .  Hall ( jj sec)

0 Monsanto FZ 7149.0 P —

1 Rockwell 2560. P iiO
VZ—072— 3

2 VZ— 072—3 2953. P 110
3 VZ—072—3 3156. P 110

- - 4 VZ.-072—3 2721. 14614.75 P P 110

5 Monsanto FZ 1690. 1383.]4 N N —

6 Monsanto FZ 1037.5 140 14.5 N N —

7 Rockwell 21450_
VZ—072—2 2530 (ingot) P 112

8 Rockwell
vz—083-.14 7630. 7729. 5214.8 P P —

9 Rockwell
vz—o83— 5 8189. 8o6i. 52 7.8 P —

10 Monsanto CZ (after irrad 3.222 1267.0 N N -

& anneal)
11 Monsanto FZ 1376.2 11473.5 N N —

114 Topsil P 1200
36—520—0— 111

15 Topsil
36—520—0—Ill 61467 (1” ingot) P 1200

16 Topsil
36—520—0—Ill 147142. P 1200

17 Wackers
30661—6 66512. ‘1 P 530

18 T.I . Lopex
Ll092 14607 P 250

19 Topsil
36—520—0—Il l 149142. 1460 . P P 1200

20 T.I .  Lopex
L1092 5195.9 443.86 P P 250

21 Wacker
30661—6 19370. P 530

(trappin~ -
7’)

30661—6 20 1420. 1427 .0 P P 530
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TABLE 6. Sur.~m~ry c~ Undoped Sanpie Characterization Before Irradiation (Coot .).

2 ( 14 pt) ~ v.c. .P- ) Type
MUBR fr Source (u—cm) (a—cm) (cm 2/V—sec) T.P. Hal! (~isec)

23 Similar to MURR 10 N —

214 Wacker
30661—6 For NAA P 530

25 T.I. Lopex
Ll092 For NAA P 250

26 Topsil
36—520—0—Ill For NAA P 1200

27 Topsil• 
36—520—0—Ill 52148 P 1200

28 Monsanto FZ 15140 N —

29 Rockwell
VZ—08 3—l7 12509 . P —

30 Rockwell
vz—o 83—l8 12796 P -

31 Rockwell
vz-.083--19 13326 P —

32 Rockwell
vz—o8 3—20 13687 P —

33 Rockwell
vz—o8 3—21 114160 P —

314 Rockwell
VZ—083—22 114382 P —

35 T .I. Lopex
L1092 5895 P —

36 T.I .  Lopex
L1092 5587.6 P —

37 Rockwell
VZ-065-1 For NAA P

38 Rockwell
VZ-065-2 For NAA P

38—45 Rockwell
VZ-065 wafers ( not twed) P

46 Hughes
F0-1770602 6183-6776 ( ingot ) p 1200

47 Hughes
F0-l771101 5610-8360 (ingot) P 2000

65 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~—~~--~~~~ -~~~~~~~~~~~~



F- 

- -

~ 

- • -

TABLE 6. Sun~mary of Undoped. Sample Characterization Before Irradiation (Cont.).

p(1e pt) p (V.d.P.) Type
MURB # Source U2—cm) (c2—cm) (cm 2 /V-se c) T.P . Hall (~ sec)

48 Hughes
F0—1770602 5785 (fast neutron irrad .)  P

49 Hughes
F0-l770602 5675 (isochronal anneal ) P

50-64 Rockwell Ga doped detector material
GZ-156-6 to GZ-156-20 from VZ 107 12 -30.431—0.450 , [B] = 5.42 x 10 cm before Ga added

65 Rockwell For NAA
GZ-156—G FIg. 52 p ( x )  in Ga doped P

66 Rockwell
VZ—083—50—l 17510 p ( x )  for [P]/ [B] = 10

67-68 T.I .  Lopex Irradiated and sent to Rarndas,
L1092 Purdue for optical measurements

69 Rockwell
VZ-083—50—2 Fig. 53 p ( x )  in half wafer vs whole wafer

70 Rockwell
VZ-083—50-3 18970 p(x) for [P]/[B] = 1.12

71 Rockwell
GZ—l4l—2 p(x) in conventionally compensated sample

72 Rockwell
GZ-14 1—3 p(x) in conventionally compensated sample

73 Rockwell
GZ-156—23 For NAA in Ga-doped (not completed )

74 Hughes
F0-l77062 For NAA (not completed)

77 Wackers
102531-11<100> p vs l/T (Ga doped) Fig. 32

78 Rockwell
GZ-l56—H p (x) in Ga doped

79 Rockwell
VZ -0 83—5 0—4  19460 p (x) for [P]/[B] = 2.04

80 Rockwell
VZ-083—50-5 19480 p (x) for [P]/[B] = 3.52

81 Rockwell
VZ-083— 50-6 19380 p(x) for [P]/[B] = 4.45

85 Rockwell
GZ—15 6—2l p vs. l/T (Ga—doped) Fig. 33

86 Hughes
F0-1770602 p (x) Fig. 30
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TABLE 6. Summary of Undoped Sample Characterization Before Irradiation (Cont.).

p(le pt) p (V.d.P.) Type

MUBR # Source (a—cm) (Cl—cm) (cm2/V—sec) T.P. Hall (~jsec)

VZ— 07 2— 1 2270—2 14 30To
VZ—07 2—2 2 1450—2530Check p(x) Fi a 23—28 •1

Uniformity VZ— 072— 3 2520—2580
VZ—072— 14 2580— 2560
VZ—0 7 2— 5 2550—2 1490

VZ-083 , while Figure 30 show s the uniformity of a Hughes sample.

The rise in resistivity near the ends of these wafers is due

to edge effects and is not real.9

Table 7 summarizes the minority carrier lifetime for

the various ingots which have been measured.

TABLE 7. Summary of Minority Carrier Lifetimes.

Source Ingot No. T Measured ~r Specified by Manuf.

Rockwell VZ—072 100 iisec 100 usec
Topsil 36—520—0—Ill 1200 (trapping) 1700

r . i. Lopex L 1092 250 500
Jacker 30661—6 530 3200
lughes FO-1770602 1200 900 



__________________________

We be li eve that the lifetimes in this resistivity range are

probably over exaggerated by the suppliers because of over-

modulation in experimental set ups designed in general for

lower resistivity material. It should be noted that our

observed lifetimes for the Rockwell material are in general

agreement with their measurements. The lifetime of the Topsil

material indicates some evidence of trapping that does not

saturate. It is, therefore, possible that the real life time

is shorter. We would estimate , however , that it is probably

not shorter than 500 ~isec. The lifetime of the Hughes sample

was the largest found and was free of trapping . This sample

is a [111] pull , however.

Table 8 summarizes the drift mobili ties observed for the

various ingots obtained from Hall mobilities using the relation-

ship for the Hall factor shown in the taLle.

TABLE 8. Summary of Drift Mobilities.

Source Ingot No. Type 
~D 

(cm~/V—sec)

Rockwell VZ—072 P 1465
Rockwell VZ—083 P 525—528

Topsil 36—520—0—Ill P 1460

T. I. Lopex L1092 P 14414

W acker 30661—6 P 1427

Monsanto FZ — N 1383—11473

Typical (from Table 3 and p. 3) P 14914

N 1396

r = I1H/I
~D 

= 0.77

r = 1.3
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We conc lude , b a s e d  on the  data in Tables 7 and 8 that the

materials from these sources are of comparable crystal quality.

The Rockwell material exhibits inferior lifetime and crystal

perfection; however , the material was pulled in a [100]

• direc tion , which is more difficult . Apparently, a [1111

Rockwell pull would be of comparable crystal quality. In

add it ion , the Rockwell material has the advantage of extremely

uniform boron distribution as evidenced by Figures 23-28.

Carrier concentrat ion from Hall eff ect measuremen ts as a

function of reciprocal tempera ture have been measured for

several representative samples. A Monsanto Czochralski

sample which had been heavily transmutation doped was first

used to check temperature calibration and s y s t e m  operation. -

These data are shown in Fig. 31.

The solid line in Fig. 31 is a theoretical fit to these

data, where we have included the effects of the first excited -

state as well as the ground s tate of phosphorus .21 The dotted

curve is obtained from the same model but neglecting the first

excited state. We have assumed in the data represented in

Fig. 31 that

1

The theoretical fits are obtained from the relation

n ( K ;  
N
A ) 

f~~ 

K (N
D 

- ‘ 1  ( 2 5 )
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Figure 31. Carrier concentration vs. reciprocal

temperature for a neutron transmutation
doped Czochralski wafer.
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which is equivalent to the more usual relationship 22

f l (n  + N
A ) -E /kT

- NA -n = K = 
~
N
~

e D

where Nc = 2(2~r m*kT/h2
)
3
~
’2 is the conduct ion band density

of s tates and ~ = 1/2 is a fac tor representing the degeneracy

of the phosphorus ground state which is 2. We have assumed

for both fits to the data that ED = 0.044 eV and that

= 1.08 me.
22 26 To take the statistical effects of the

firs t exc ited state into account, we have used the relation

K = 
2(2Tr m*kT/h2)

31”2 
e~~ t~

kT

• 2 +

where ~. = 0.010 eV is the energy difference between the tenfold

degenerate first excited state and the doubly degenerate

ground state of phosphorus 22 in Eq. (25). Using the effect

of the first excited state gives a slightly be tter fit

than neglecting it.

The best fit to the data determines the donor and

acceptor concentration as

ND - N
A 

= 1.2 x 1015 cni 3

NA 1.8 x 1013 cm 3

and a compensation ratio k = NA/N D = 0.015. The acceptor

concentration is a reasonable number for the boron concen-

tration in Czochralski Si.
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The deviation from the fit at low temperature (~~~
. > 0.035)

is due to impurity conduc t ion. This effec t is usually seen in

compensa ted material27 29 and is caused in Fig. 31 by a carr i er

tunnel ing from an occupied donor level to an unoccup ied donor

level. Although several models for expla ining the change in

act ivat ion energy at low tempera ture s as a func t ion of corn-

pensa t ion ex is t for resis tivity data ,27
~
29 no ade qua te mode l

has been proposed to explain the Hall coefficient data. 27 ’29

It is not clear in Figure 31 whether the carrier concentration

goes through a minimum be tween the las t two data points or

whe ther the minimum is at still lower tempera ture. S ince the

effec t of impurity conduction occurs at higher tempera tures

in Si than in Ge, because of the relative depths of similar

impurities , it is doubtful that low boron concentration in

a gallium doped sample can be determined with any high degree

of accuracy because of interference from impurity hopping

conduction induced by the always present compensation.

The above model for n-type material with a single donor

level and acceptor levels far removed from the Fermi level

can be extended to the case of Ga doped Si. In this p-type

material, two acceptor levels dominate the position of the

Fermi level and the donor levels are far removed from it.

To describe this situation , we use the same model as the

Hughes group .3°

Using charge conservation

p + N D 
= N 1 f~~(E 1) + N2 f(E 2)

~ 

~~~~~~~ - -~~~~~



where N1 is the concentration of gallium atoms , N2 the

cOnCentrati’)n of boron , f (E) the Fermi func tion for

• hole occupation of an energy level at energy E above the

valence band , and E1 and E2 are the gallium and boron

ground state ionization energies respectively. Then, using

the Boltzman approximation
Ef/kT

p = N ~~e

to eliminate the Fermi energy from the above equat ion, we

find that
N N1 

+ 
2

r D (i+ ~~~ \
‘4’. K]) ‘4

and rearranging, we arrive at the cubic equat ion for the

hole concentration, p,

(p + ND)(p + K1)(p + K2)-N 1K1 (p + K2)-N 2K2 (p + K1) = 0

where
N -E /kT

l ”T~~
Nv E2/kT

Nv = 2(2lTm*kT/h2)3”2.

We have used the following parameters to obtain fits to the

experimental data:

E1 (gallium) = 0 . 0 6 5  eV

E2 (boron) = 0 . 0 4 5  eV

m* = 0.59 m
0
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The temperature dependence of the effective mass and the

acceptor excited states have been neglected.

A compu ter code to solve the cubic equation for each

va lue of l/T has been comp le ted. This code use s the “I-Ialf

I n t e r val Search” method  to find the positive real root of the

• cubic equation for p g iven above .

The data for  a Ga doped wafe r  f rom Wacker are shown in

Fig. 32 along with several theoretical fits calculated from

the above model. The curves are not particularly sensitive

to N 2 and ND. Our best estimates for these concentrations are

N1 = N(Ga) = 1.78 x l0’6em 3

N2 = N(B) = ( 1 . 2 5  + 0.25) x 1013 cm 3

1 x 1012 ND << 1 x 10 13 cm 3

Also included are curves for NB/ND = 1.5 (curve 3) .

NB/ND = 1.0 for exact compensation (curve 4), and ND/NB 
= 3.0

for over compensation (curve 5). It is clear that some in-

formation about compensation can be obtained from this type

of data, however , the sensitivity to changes in ND is not

very good for cases of interest.

Figure 33 is a similar carrier concentration plot vs.

reciprocal temperature for a Ga doped Rockwell sample ,

GZ-156-21. These data have not been analysed in detail yet

since they are recently taken.

B. Neutron Activation Analysis

An instrumental neutron activation analysis (INAA)

procedure for measuring trace element impurities in high
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MURR 77— WACKER Si(Ga)
INGOT 1025311

ING = I.78x1016 cm 3

\ GDIN ‘ Ix I O  cm
-N0’ 1x 10 12cm 3

rN • L78x 10 16 cm 3
15 ®~N~~ l.5x l0’~ cm~10 ND~

l x I O ’2crn 3

• -N • 178x 10’6 cm 3

~ ®~N~t I.5x l013cm 3

- 
1N

0
~ I x I O l3 cm 3 

-

N ‘1.78 x 1016cm 3

® N~~ 15* IO~ cm 3
I Ne ” I.5x1&3 cm 3

_ 1° - 

~.N • lJ8x IO16cm~~
~ 1.5*1013 cm 3

\~ 
ND.4.5x 10’6cm 3

Jo l t -

lojo . -

I0~ 4 I -

810 I

0 0.02 0.04 0.06

L 

Figure 32. Carrier concentration vs. reciprocal
temperature for a Wacker Ga doped
floa t zone wafer 102531-Il (MURR-77).
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Figure 33. Carrier concentr ation vs. reciprocal
tempera ture for a Rockwell Ga doped
float zone wafer GZ-156-21 (MURR-85) .
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